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Edited by Francesc PosasAbstract Glutathione S-transferase P1(GSTP1) plays an
important role in the detoxiﬁcation and xenobiotics metabolism.
Here, we show that GSTP1 is also involved in LPS (lipopolysac-
charide)-induced inﬂammatory response. GSTP1 expression,
determined at the transcription and translation levels, were
upregulated by the LPS stimulation in RAW264.7 macro-
phage-like cells. GSTP1 inhibited LPS-induced mitogen-acti-
vated protein kinases MAPKs including ERK, JNK and p38
as well as NF-jB activation dose- and time-dependently in tran-
sient transfected and stable transfected cells. Moreover this inhi-
bition of the signaling pathways resulted in the decrease of tumor
necrosis factor alpha (TNF-a) and nitric oxide (NO) synthesis.
These data suggest that the GSTP1 prevents LPS-induced
excessive production of pro-inﬂammatory factors and plays an
anti-inﬂammatory role in response to LPS.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Lipopolysaccharide (LPS), the major outer membrane in
gram-negative bacteria, activates variety of the mammalian
cell types, including monocytes/macrophages and endothelial
cells and contributes to systemic change known as septic
shock [1]. LPS has been shown to initiate intracellular sig-
naling pathways that lead to the activation of NF-jB and
three distinct mitogen-activated protein (MAP) kinases
extracellular signal-regulated kinase (ERK), c-Jun N-termi-
nal kinase (JNK) and p38 [2]. Activation of NF-jB involves
the phosphorylation of IjB-a on serine 32 and 36 and se-
quent ubiquitination and degradation of IjB-a and concom-
itant release and translocation of NF-jB factors [3,4]. The
molecules involved in LPS activated MAPKs are not wellAbbreviations: GST, glutathione S-transferase; LPS, lipopolysaccha-
ride; MAPKs, mitogen-activated protein kinases; ERK, extracellular
signal-regulated kinase; JNK, c-Jun N-terminal kinase; TNF-a, tumor
necrosis factor alpha; iNOS, inducible nitric-oxide synthase; NO, nitric
oxide; ROS, reactive oxygen species
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cytokine induction and regulation during responses to bacte-
rial products [5,6]. JNK and p38 are considered to play an
important role in expression of stress relative proteins and
inﬂammatory factors [2,5,7–9].
In systemic inﬂammatory response syndrome (SIRS), tu-
mor necrosis factor alpha (TNF-a) and IL-1b are the main
pro-inﬂammatory cytokines mediate LPS-induce toxic eﬀect,
whose production requires activation of p38 and NF-jB as
well as JNK signaling pathways [10–12]. Inducible nitric-
oxide synthase (iNOS) is another protein expressed during
inﬂammation, which produces high level of nitric oxide
(NO) in macrophages mediating a number of the host defense
functions of activated macrophages including antimicrobial
and tumoricidal activity [13,14]. The intracellular signaling
pathways by which LPS causes iNOS expression and NO
production are incompletely clear. Some reports demon-
strated that mitogen-activated protein kinases (MAPKs)
and NF-jB signaling pathways are involved in this process
[15–17].
The glutathione S-transferases (GSTs) are a multigene fam-
ily of isozymes (Alpha, Mu, Pi, Omega, Theta and Zeta) that
catalyze the nucleophilic attach of the sulfur atom of gluta-
thione (GSH) on electrophilic groups of substrated molecules
[18,19]. Among these isozymes, glutathione S-transferase P1
(GSTP1) is the most prevalent in mammalian cells as it can
be expressed in all tissues and cells, except red blood cells
[18]. GSTP1 has been of particular interest because it is over-
expressed in a wide variety of tumors and is considered as
cancer markers and associated with anticancer drug resis-
tance. GSTP1 plays an important role in detoxiﬁcation of
reactive oxygen species (ROS) and maintenance of the cellu-
lar redox state. Recent reports showed that GSTP1 partici-
pates the regulation of stress signaling and protects cells
against apoptosis by mechanisms via their non-catalytic, li-
gand-binding activity. For example, as an endogenous inhib-
itor of JNK, GSTP1 can act as an endogenous inhibitor of
JNK which regulates JNK activity by interaction with the
C-terminal of this kinase and oxidative stress could cause
the dissociations of GSTP1-JNK complex, then, leads to
enhance JNK activity [20–22]. Although GSTP1 has been
reported to play an important role in stress signaling,
whether it mediates cellular inﬂammatory response is still
unknown.
In the present study, we show the evidence that GSTP1 reg-
ulates the LPS-activated signaling pathway and sequent cyto-
kines secretion. Our results strongly suggest a role of GSTP1ation of European Biochemical Societies.
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response.2. Materials and methods
2.1. DNA constructs
pcDNA3-HA-GSTP1 has been described previously [20].
pcDNA3.1-His-Xpress-GSTP1 (WT) was made by inserting BamHI/
XhoI PCR fragment from pcDNA-GSTP1 into the BamHI/XhoI-cut
pcDNA3.1-His vector (Invitrogen).
2.2. Antibodies and reagents
Anti-JNK/SAPK polyclonal antibody, anti-p38 polyclonal anti-
body, anti p42/44 MAP kinase antibody, anti IjB-a antibody and
phospho-speciﬁc polyclonal antibody to JNK (Thr183/Tyr185), p38
(Thr180/Tyr182), p42/44(Thr202/Tyr204) were obtained from Cell Sig-
naling Technology. The antibody to Xpress-tag was purchased from
Invitrogen. Monoclonal antibodies to iNOS and GSTP were from
BD Biosciences Pharmingen. All secondary antibodies used for Wes-
tern blotting were purchased from Calbiochem.
LPS (from Escherichia coli 0111:B4) was purchased from Sigma.
G418 sulfate was from Calbiochem.2.3. Cell culture and transfection
The murine macrophage-like cell line, RAW264.7, was cultured in
Dulbeccos modiﬁed Eagles medium (Invitrogen) containing 10% fetal
bovine serum and antibiotics (100 U/ml penicillin and 100 lg/ml strep-
tomycin) at 37 C in an atmosphere of 5% CO2.
Transient transfection was performed using LipofectAMINE 2000
(Invitrogen) according to the manufactures instructions. In all cases,
the total amount of DNA was normalized by addition of empty con-
trol plasmids.2.4. Stable transfection of GSTP1
pcDNA3 plasmids with or without Xpress-tagged GSTP1 sequence
were transfected into RAW264.7 cells using LipofactAMINE 2000.
72 h after transfection, the cells were incubated in fresh medium con-
taining 500 lg/ml G418 for 4 weeks. Subsequently, cell colonies resis-
tant to G418 were isolated and screened by limited dilution. GSTP1
stable expression clones and pcDNA3 control clones of RAW264.7
cells were selected for further studies.2.5. Immunoblotting analysis
Cells were rinsed twice with ice-cold PBS, and solubilized in lysis
buﬀer containing 20 mM Tris (pH 7.5), 135 mM NaCl, 2 mM EDTA,
2 mM DTT, 25 mM b-glycerophosphate, 2 mM sodium pyrophos-
phate, 10% glycerol, 1% Triton X-100, 1 mM sodium orthovanadate,
10 mM NaF, 10 lg/ml aprotinin, 10 lg/ml leupeptin, and 1 mM phen-
ylmethylsulfonyl ﬂuoride (PMSF) for 30 min. Lysates were centrifuged
(15000 · g) at 4 C for 15 min. Equal amounts of the soluble protein
were denatured in SDS, electrophoresed on a 12% SDS–polyacryl-
amide gel, and transferred to a PVDF membrane. The immunoblotting
were performed as described [20]. The horseradish peroxidaseTable 1
Primer sequences of the examined genes and the expected length of the PCR
Name A/Sa Sequenc
GSTP1 S TTG CTC
A CAG GGC
GSTM1 S GGG TGA
A TGT CCC
TNF-a S AGC ACA
A CAG AGC
GAPDH S CTG AGA
A CCT GCT
aS, sense; A, antisense.(HRP)-conjugated goat anti-mouse or anti-rabbit IgG antibodies were
used against respective primary antibody. The proteins were visualized
using Lumi-Light Western Blotting Substrate (Roche Molecular
Biochemicals).
2.6. Reverse transcriptase-PCR
Total RNA was extracted with Tripure (Roche Molecular Biochem-
icals), as described by the manufacturer. Reverse transcription reaction
of 2 lg of each total RNA was performed at 48 C for 45 min. PCR
was performed using the Access RT-PCR Introductory System (Pro-
mega) with primers showed in Table 1. The ampliﬁcation course con-
sisted of 35 cycles of denaturation at 94 C for 5 min followed by of
94 C for 1 min; annealing at 55 C for 1 min and extension at 72 C
for 1 min; and a ﬁnal elongation at 72 C for 7 min. PCR products
were resolved on 1.2% agarose gels and stained with ethidium bromide.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was utilized as
a housekeeping gene where indicated.
2.7. TNF-a ELISA assay
RAW264.7 cells were seeded in 24-well plates at 2.5 · 105 cells/well
the day before the experiment. After LPS treatment, media were col-
lected and centrifuged at 10000 rpm for 5 min. TNF-a content of the
media was then determined by a quantitative sandwich enzyme-linked
immunosorbent assay (ELISA) using the Mouse TNF ELISA Kit (BD
Biosciences) according to the manufacturers instructions.2.8. Nitrite analysis
RAW264.7 cells (5 · 105/ml) were cultured in 24-well plates. After
LPS treatment, NO synthesis was spectrophotometrically determined
by assaying the culture supernatants for nitrite using the Griess reagent
(1% sulfanilic acid, 0.1% N-1-naphthyl-ethylenediamine dihydrochlo-
ride, and 5% phosphoric acid). Absorbance was measured at 550 nm
and nitrite concentration was determined using sodium nitrite as a
standard.3. Results
3.1. LPS upregulates GSTP1 expression in RAW264.7 cells
A variety of cytotoxic agents could activate some transcrip-
tion factors and increase cytosolic GSTP1 level, which in turn
regulates the stress signaling pathways and protects cells
[20,21,23]. Earlier report has showed that GSTP1 could be
upregulated in LPS-activated neutrophils [24]. Whether
GSTP1 upregulation happens in LPS-stimulated macrophages
have not been reported. In the present study, the GSTP1
expression in LPS-stimulated RAW264.7 macrophage-like
cells was ﬁrst assessed by Western blot analysis. As shown in
Fig. 1A, when the RAW264.7 cells were incubated with LPS
(100 ng/ml), a signiﬁcant increase in GSTP1 protein expression
was observed 3 h after LPS treatment and lasted up to 6 h.
Further RT-PCR analysis was performed to test whether thefragments
e (50 ﬁ 3 0) Product (bp)
AAG CCC ACT TGT CTG T 243
CTT CAC GTA GTC ATT C
CGC TCC CGA CTT 350
CTG CAA ACC ATG
GAA AGC ATG A 640
AAT GAC TCC A
ACG GGA AGC TTG TC 702
TCA CCA CCT TCT TG
Fig. 1. Upregulation of GSTP1 by LPS in RAW264.7 in protein and
mRNA expression levels. RAW264.7 cells were stimulated with
100 ng/ml LPS for 0–6 h. (A) GSTP1 protein expression was deter-
mined by Western blot analysis using anti-GSTP1 antibody. GAPDH
expression was used as control. (B) Total RNA was isolated, and
GSTP1, GSTM1 and GAPDH mRNA were detected by RT-PCR.
GAPDH mRNA was used as control. Each value presents
mean + S.D. of three independent experiments.
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increase of the mRNA of GSTP1 was detected 2 h after LPS
stimulation, which was 1 h earlier than the protein expression
(Fig. 1B). In comparison, GSTM1, another GST isozyme, was
not aﬀected (Fig. 1B). These results indicated that GSTP1,
determined at the mRNA and protein levels, was upregulated
by LPS stimulation in RAW264.7 cells and suggested thatGSTP1 may play a regulatory role in inﬂammatory responses
to LPS.3.2. Forced expression of GSTP1 in RAW264.7 cells inhibits
LPS-induced activation of MAPKs
It has been well demonstrated that LPS could activate
MAPKs, including ERK, JNK, and p38 in macrophages.
Our earlier reports also show that the expression of GSTP1
confers cellular resistance to a variety of oxidative stresses
via regulating MAPKs activation. Therefore, in the present
study further experiments were performed to investigate
whether GSTP1 aﬀects LPS-induced MAPKs activation.
RAW264.7 cells were transiently transfected with diﬀerent
dose of Xpress-tagged GSTP1 vector as indicated. Phosphory-
lation of the MAPKs was detected 30 min after LPS treatment.
Fig. 2A shows that GSTP1 inhibited LPS-induced activation
of ERK1/2, JNK and p38 in a dose dependent manner.
In order to conﬁrm the physiological eﬀect of GSTP1 on
regulating LPS stimulated MAPKs pathway activation, we
established stable GSTP1-expressing cells by transfection of
Xpress-GSTP1 cDNA into RAW264.7 cells and subsequent
selection of stable transfected clones using G418. Two diﬀerent
clones, 12 and 14, with variable expression of GSTP1, were
studied. The expression level of GSTP1 in clone 12 used for
the majority in the experiments was as similar as that of
LPS-induced normal RAW264.7 cells and at the physiological
level. RAW264.7 cells transfected with pcDNA3 vector were
used as control.
Fig. 2B shows that MAPKs were activated by LPS in a
time dependent manner in control clones. Phosphorylation
of JNK and ERK1/2 reached maximum 30 min after LPS
stimulation and then gradually decreased to basal levels.
p38 phosphorylation reached its maximum 15 min and de-
creased 60 min after LPS stimulation. However, in GSTP1-
expessing RAW264.7 clones, LPS induced ERK2 and JNK
phosphorylation was obviously inhibited and p38 activation
was also partially blocked. Therefore, results from both
GSTP1 transient and stable transfected RAW264.7 cells sug-
gested an inhibitory eﬀect of GSTP1 on mediating LPS-
induced MAPKs activation.3.3. GSTP1 overexpression in RAW264.7cells inhibits
LPS-induced activation of NF-jB
In most cells the NF-jB proteins are sequestered in the cyto-
plasm bound to a family of inhibitory proteins known as IjB-
a. Exposure of cells to a variety of extracellular stimuli leads to
the activation of the IjB kinases (IKKs) complex, resulting in
the phosphorylation and ubiquitination of the IjB-a proteins
and their degradation by the proteosome [25]. Then we studied
the LPS stimulated NF-jB activation in the RAW264.7 cells
transient transfected with diﬀerent dose of GSTP1. The results
showed that LPS-induced IjB-a degradation was inhibited by
GSTP1 in a dose-dependent manner (Fig. 3A).
Next, we investigated the eﬀect of GSTP1 on regulating LPS
stimulated NF-jB activation in GSTP1 stable-expressing cell
lines. As shown in Fig. 3B, LPS (100 ng/ml) dramatically in-
duced IjB-a degradation in control clones. GSTP1 stable
expression, in contrast, signiﬁcantly inhibited LPS-induced
degradation of IjB-a and led IjB-a return to the basal level
45 min after LPS treatment. These data indicated that the
overexpression of GSTP1 decreased LPS-induced degradation
Fig. 2. Forced expression of GSTP1 in RAW264.7 cells inhibits LPS activation of MAPKs. (A) RAW264.7 cells were transiently transfected for 36 h
with Xpress-GSTP1 (0.2, 0.5, 1.0 and 2.0 lg) as indicated and treated with 100 ng/ml LPS for 30 min. (B) Control clones (left panel) and GSTP1-
expressing RAW264.7 clones (right panel) were treated with 100 ng/ml LPS in the indicated time course. The top, middle and bottom panel showed
the ERK1/2, JNK and p38 activation induced by LPS, respectively. The phospho-MAPKs and total MAPKs in cell lysates were detected by Western
blotting. Values are means + S.D. of three independent experiments.
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Fig. 4. LPS-induced TNF-a expression is inhibited by GSTP1.
Control and GSTP-1 expressing clones were incubated in 500 ng/ml
for the indicated time intervals. (A) Total RNA was isolated, and
TNF-a mRNA was measured by RT-PCR. The amount of mRNA
loaded in each lane was conﬁrmed by GAPDH. (B) The concentration
of TNF-a in the culture media of control (j) and GSTP1-expressing
clones (m) were determined by ELISA. Data are shown as
mean ± S.D. of three independent experiments.
Fig. 3. GSTP1 inhibits LPS activation of NF-jB. (A) RAW264.7 cells
were transiently transfected for 36 hours with Xpress-GSTP1 (0.2, 0.5,
1.0 and 2.0 lg) as indicated and treated with 100 ng/ml LPS for 30 min.
IjB-a level in cell lysates was detected by Western blotting. (B) Control
clones (left panel) and GSTP1-expressing RAW264.7 clones (right
panel) were incubated with 100 ng/ml LPS in the indicated time course.
IjB-a level in cell lysates was detected by Western blotting. GAPDH
expression was measured to conﬁrm the equal amount of protein.
Results are presented the percentage of IjB-a degradation as
means + S.D. (three independent experiments).
B. Xue et al. / FEBS Letters 579 (2005) 4081–4087 4085of IjB-a, and then inhibited the activation of NF-jB in
RAW264.7 cells.
3.4. GSTP1 inhibits LPS- induced TNF-a and NO release
TNF-a and NO are two important inﬂammatory products
and primarily involve in promoting inﬂammatory response.
MAPKs and NF-jB are believed to be necessary to TNF-
a generation and iNOS produced NO release. We thus
examined the eﬀects of GSTP1 on LPS induced production
of TNF-a and NO to evaluate the role of GSTP1 in acute
inﬂammation.TNF-a expression and release level was determined by RT-
PCR and ELISA, respectively, in GSTP1-stable expressing
RAW264.7 clones and the control clones treated with LPS
(500 ng/ml) for diﬀerent time intervals. The result showed
that TNF-a transcription and secretion induced by LPS
was markedly inhibited in GSTP1-expressing clones (Fig.
4). To access the eﬀect of GSTP1 on iNOS expression, the
iNOS protein level was measured by Western blotting. iNOS
production was obviously suppressed (>50%) in GSTP1-
expressing clones compared with the empty vector transfec-
ted cells after 12-h treatment with LPS (500 ng/ml) (Fig.
4A). The results from NO assay showed that the NO release
induced by LPS was dramatically blocked to the basal level
in the GSTP1-expressing clones (Fig. 4B). Therefore, the
inhibitory eﬀect of GSTP1 on production of TNF-a and re-
lease of NO suggested an anti-inﬂammatory role of GSTP1
(see Fig. 5).
Fig. 5. LPS-induced NO synthesis is inhibited by GSTP1. The control
and GSTP1-expressing RAW264.7 clones were treated with 500 ng/ml
LPS for 12 h. (A) Cell lysates were prepared and subjected to Western
blotting to measure the level of iNOS protein. Equal loading protein
was conﬁrmed by GAPDH. (B) The culture media were collected and
assayed for nitrite. Values are presented as nmol/ml. Each bar
represents the means + S.D. of three experiments.
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It has been observed that LPS can upregulate about 100 dis-
tinct genes including cytokines, signaling molecules and regu-
lators transcription, and evoke several functional responses
that contribute to innate immunity. Among these genes,
GSTP1, but not other GSTs was upregulated by LPS in neu-
trophil [24]. In the present study, it was also found that GSTP1
was upregulated by LPS stimulation at both mRNA and pro-
tein levels in the RAW264.7 cell, a murine macrophage-like
cell line, while another abundant GST isozyme, GSTM1, was
not obviously aﬀected (Fig. 1). This result suggests that GSTP1
may speciﬁcally mediate LPS triggered inﬂammatory signaling
in RAW264.7 cells.
Here, we ﬁrst show that overexpression of GSTP1 inhibits
LPS-induced MAPKs and NF-jB activation in a dose- and
time-dependent manner in RAW264.7 cells. Corresponding
with the inhibition of MAPKs and NF-jB, not surprisingly,
we further found that GSTP1 obviously decreased TNF-atranscription and iNOS expression, and furthermore inhibited
TNF-a and NO release from RAW264.7 cells. LPS-induced in-
crease of cytokines and chemokines leads to rapid induction
and ampliﬁcation of the host response to eliminate the patho-
gen. However, failure to control the pathogen often leads to a
state of metabolic anarchy and signiﬁcant tissue damage.
TNF-a mediates septic shock in chronic infections [26]. In-
creased output of NO produced by iNOS has been considered
to associate with disorders as diverse as septic and hemorrhagic
shock, rheumatoid arthritis, and chronic infections [27]. There-
fore suppression of high output of NO and overexpression of
TNF-a may be a useful strategy for treatment of inﬂammatory
disorders. In the present experiment, GSTP1 increased within
3 h in response to LPS while the TNF-a is released 1–2 h after
LPS stimulation. The inhibition of TNF-a and NO production
by GSTP1 strongly suggests that GSTP1 is involved in down-
regulating late or prolonged production of pro-inﬂammatory
mediators and contributes to anti-inﬂammation in Gram-
negative-bacterial infection. Interestingly, the nitrite assay
demonstrated that the reduction of NO release induced by
LPS in GSTP1-expressing cells was more extensive than that
of iNOS expression. Previous report showed that GSTP1 can
store NO and acts as a NO carrier under certain cellular condi-
tions such as strong oxidative stress, etc. [28]. It suggests that
storage of NO in cells by GSTP1may contribute to the suppres-
sion of NO release besides inhibiting the iNOS expression.
GSTs are members of a phase II metabolizing enzymes
superfamily, which play an important role in detoxiﬁcation
of ROS and maintenance of the cellular redox state. Dramatic
elevation of ROS is produced by inﬂammatory stimuli of LPS
and pro-inﬂammation cytokines (such as TNF-a or IL-1b) and
brings about the changes of multiple cellular functions such as
DNA synthesis, transcription factor activation, gene expres-
sion, and proliferation [29]. Recent evidence showed that
GSTP1 is responsible for the regulation of JNK/SAPK in oxi-
dative stress such as UV irradiation or H2O2 treatment [20]. It
has been also shown that the MAPK pathway and MAPK-
mediated TNF-a production is redox-dependent, GSH-medi-
ated and required, at least in part, an NF-jB/ROS-sensitive
mechanism [30]. Based on our ﬁndings, the likely mechanism
that account for the anti-inﬂammatory action of GSTP1 in-
volves the inhibition of LPS-induced ROS production. As
GSTs play a critical role in protecting cells against ROS and
cysteine residues of GSTP1 have been shown to be sensitive
to oxidation stimuli [31], thus, oxidative stress induced by
LPS may be transmitted through a GST ‘‘switch’’ tying into
the kinase cascade of intracellular signal pathways.
In summary, our results reveal a novel role of GSTP1 as an
anti-inﬂammatory factor in cellular response to LPS and pro-
vide a new insight for understanding the detailed mechanisms
of GSTP1, by which, LPS triggered inﬂammatory response is
regulated.
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